The location and timing of domestication of the olive tree, a key crop in Early Mediterranean societies, remain hotly debated. Here, we unravel the history of wild olives (oleasters), and then infer the primary origins of the domesticated olive. Phylogeography and Bayesian molecular dating analyses based on plastid genome profiling of 1263 oleasters and 534 cultivated genotypes reveal three main lineages of pre-Quaternary origin. Regional hotspots of plastid diversity, species distribution modelling and macrofossils support the existence of three long-term refugia; namely the Near East (including Cyprus), the Aegean area and the Strait of Gibraltar. These ancestral wild gene pools have provided the essential foundations for cultivated olive breeding. Comparison of the geographical pattern of plastid diversity between wild and cultivated olives indicates the cradle of first domestication in the northern Levant followed by dispersals across the Mediterranean basin in parallel with the expansion of civilizations and human exchanges in this part of the world.
Introduction
Plant and animal domestication has been an essential step in the rise of human cultures [1] , yet disentangling the history of domestication is challenging. Domestication events have generally started several millennia ago, and have been obscured by human-mediated spreads over long distances and recurrent crosses between cultivars and wild forms. Among the old crops of the Mediterranean basin, the olive tree (Olea europaea ssp. europaea) is the most iconic species owing to its ecological, economical and cultural importance [2] [3] [4] . This plant is considered one of the best biological indicators of the Mediterranean climate [3, 5] , and its cultivation has accompanied the emergence of Early Mediterranean civilizations [4] . The importance of the cultivated olive tree in people's lives has turned this species into a symbol in ancient sacred literature, and the origins of this crop are often subject to controversies [4] . Although early exploitation and use of wild olive trees (namely oleasters) has been documented since the Neolithic from the Near East to Spain [2, 6] , it is usually accepted that the domestication of the olive tree-characterized by vegetative propagation of the best cultivated genotypes that may have preceded orchard establishmentbegan in the Near East approximately 6000 years ago [2, 4] . Several genetic studies have, however, supported multiple origins of cultivars across the Mediterranean area [7] [8] [9] [10] [11] [12] , but it remains unclear whether this reflects secondary diversification or multiple independent primary events. Also, a centre of domestication for the olive tree in the Near East was questioned because the eastern Mediterranean oleaster populations have low genetic diversity compared with those of the western area [10] [11] [12] [13] . In addition, the discriminating power of the markers used until now has been poor, and a holistic approach is needed [4, 14] . Current genetic patterns could also be interpreted in the light of palaeoclimatic, fossil and subfossil records.
Here, we investigated the impact of climate changes on oleaster populations during the Pleistocene, and particularly the genetic footprint in the plastid genome, and then searched for the primary origins of the domesticated olive. The most comprehensive dataset of plastid DNA polymorphisms was generated for this species in order to assess the diversification timing of oleaster populations and trace the origins of the cultivated maternal lineages. The fossil/subfossil records and modelling of suitable habitats under present and past temperature conditions helped the interpretation of genetic patterns and brought new insights on the olive persistence in space and time during the Late Quaternary and on the origins of early domesticated forms.
Material and methods (a) Plant sampling and plastid genome profiling
In this study, we sampled 1846 trees (see the electronic supplementary material, tables S1 and S2), comprising 534 distinct cultivars, 1263 oleasters (from 108 locations) and 49 sub-Saharan trees belonging to the subspecies cuspidata, which were used as an outgroup (see below). DNA was extracted as previously described [10] . Owing to the highly fragmented and human-disturbed Mediterranean habitat, oleaster populations were usually collected from present orchards, but we cannot exclude that some trees/populations were feral (i.e. issued from cultivars).
Plastid genome polymorphism was characterized because maternally inherited haploid genomes are dispersed at shorter distance than nuclear genes, although ptDNA can be propagated at long distance with the human-mediated spread of cultivated clones. PtDNA is also more prone to stochastic events because the effective population size is half that of diploid genomes, allowing a more accurate detection of evolutionary events such as a long persistence of relict populations in refuge zones (e.g. hotspots of diversity) during previous glaciations [15] . Here, we used a profiling method to characterize variable microsatellites, indels and single nucleotide polymorphisms (SNPs) of the plastid genome [16] . Plastid DNA profiles (haplotypes) were defined by the combination of alleles from 61 loci (see the electronic supplementary material, table S3), and their distribution was represented on a map of the Mediterranean Basin.
(b) Haplotype network reconstruction and diversity analyses
Haplotype networks on the whole dataset or at lineage level were reconstructed with the reduced median method implemented in NETWORK [17] . For reconstructing networks at the lineage level, CAPS-XapI was not considered owing to a high homoplasy on this locus [16] . We also computed three diversity parameters: the total diversity (defined as
; with p i the frequency of haplotype i), the haplotypic richness (A) and the rarity index (i.e. A weighted by haplotype frequencies; R ¼ S 1/p i ) [18] . Spatial patterns of genetic diversity were inferred using a 'sliding window' [19] .
(c) Molecular dating of the plastid genome diversification [20] . Microsatellite data from lineages E1, E2, E3 and A were analysed with DIYABC [21] , which implements an approximate Bayesian computation (ABC) method of inference in population genetics. Lineages E1, E2 and E3 were treated as populations to force the coalescence of individuals within the three separate lineages (as defined by SNPs and indels that were not used for this analysis) [10, 16] . The demographic model (see the electronic supplementary material, figure S1 ) thus consisted of four populations (E1, E2, E3 and A). Populations E1, E2 and E3 diverge at the same time (T E ) from an ancestral population E (because relationships between the Mediterranean lineages were unresolved based on the complete ptDNA genome suggesting they started diverging from a common ancestor approximately at the same time) [16] , and populations A and E diverge at time T AE . Population size changes are allowed for each population; however, they are simultaneous (at time TD E ) and of the same magnitude (from N ancestral to N E ) for populations E1, E2 and E3, but independent for population A at time TD A , from size N ancestral to N A . Effective population size parameters (N ancestral , N E and N A ) are scaled to plastid effective population size. Prior distributions for the parameters are shown in electronic supplementary material, table S4. Prior distribution on parameter T AE was chosen to incorporate the previous knowledge on the divergence between lineages E and A, and considering a generation time of 100 years. Note that this latter prior is used to scale calendar time (years) to coalescent time (generations) for the coalescent analyses, but it has little influence on final results because the estimated number of generations is finally converted into number of years for their interpretation. Microsatellite evolution was modelled with a strict stepwise mutation model. Based on the m estimate, a Bayesian method implemented in BATWING [22] was then used to infer the divergence time (expressed in generation number) from the most recent common ancestor of each Mediterranean ptDNA lineage (i.e. E1, E2 and E3). This second step consisted of the analysis of all plastid polymorphisms (microsatellites, indels and SNPs), but two loci that were incompatible with unique-event polymorphisms were excluded (i.e. loci CAPS-XapI and 52) [16] . TMRCA was inferred for lineages E1, E2 and E3, and for sublineages with a value of posterior probability of being monophyletic higher than 0.9 (which includes sublineages defined by SNPs and indels, but also some sublineages with characteristic combination of microsatellite alleles). The demographic model consisted of an exponentially expanding population with uninformative prior distributions for effective population size at present (N ) and growth rate (a); prior distribution for mutation rate was determined by the estimated distribution from the DIYABC analysis. Each of the three lineages was analysed separately. Three independent Markov chains of 5 Â 10 9 steps (sampling every 5 Â 10 5 steps the parameter values and every 5 Â 10 6 steps the topology; proportion of parameter/tree rspb.royalsocietypublishing.org Proc R Soc B 280: 20122833 topology changes ¼ 1/500) were run for each analysis, and estimates were drawn from them after removing the first 1000 samples from each chain as burn-in and combining all three chains. Uniqueevent polymorphisms (indels and SNPs) were used only to condition the topology of the genealogies (option 2 in BATWING). Ancestral states for SNPs and indels were considered unknown.
(d) Distribution modelling of present and past oleaster
Species distribution modelling (SDM) was performed to evaluate the potential oleaster distribution under present climatic conditions and to project it to the past. GPS coordinates of the populations analysed in our study were used as input data on the present oleaster distribution (see the electronic supplementary material, table S1). We discarded all localities where the three most common 'cultivated haplotypes' of lineage E1 (E1.1, E1.2 and E1.3; see below) were detected at a frequency superior to 70 per cent in the population to exclude putative feral populations for which the settlement may be due to human activities. Locations where only one individual was sampled (herbarium specimens) were also not considered. We used the maximum entropy algorithm, as implemented in MAXENT v. 3.3 [23] , because it is appropriate for presence-only data and its performance has been shown to be consistently competitive in comparison with other methods [24] . Only temperature variables were used because olive survival is limited by frost [3, 25] . In particular, the present wild olive distribution was reported to be mainly explained by the mean temperature of the coldest month [25] . Georeferenced data of 11 temperature variables under current conditions were retrieved from the WorldClim website (www.worldclim.org) [26] , clipped to the extent of the Mediterranean region and used as predictors to calibrate the distribution model in MAXENT. When running the algorithm, occurrence data (88 GPS coordinates) were randomly split into training data (75%), used for model building, and test data (remaining 25%), used to evaluate model accuracy. Ten subsample replicates were performed, and fitness of the resulting model was assessed with the area under the receiver-operating characteristic curve [23] . A jackknife analysis was used to evaluate variable contributions to the model, and response curves were created to assess the extent to which the predictions were affected by variable values. To convert continuous suitability values to presence/absence, we chose the threshold obtained under the maximum training sensitivity plus specificity rule, which has been shown to produce accurate predictions [27] .
The three distribution models under current conditions were projected to a period (ca 21 ka BP) of the last glacial maximum (LGM) using palaeoclimatic layers simulated from two general atmospheric circulation models: the Community Climate System Model [28] and the Model for Interdisciplinary Research on Climate [29] . We also projected the distribution models to the last interglacial (LIG; ca 120 -140 ka BP) using the climatic model of Otto-Bliesner et al. [30] . It was assumed that the ecological requirements of Olea have remained stable throughout at least the last climatic cycle [31] , which seems fairly reasonable given the short time scale.
Results (a) Plastid genetic diversity in the Mediterranean olive
Polymorphisms were screened on the whole plastid genome (ptDNA) of 1797 trees and allowed the identification of 48 distinct profiles delineating three diverging lineages, namely E1, E2 and E3 (see the electronic supplementary material, figure  S2 and figure 1 ). The diversity indices support the occurrence of regional ptDNA diversity hotspots for the three lineages (see the electronic supplementary material, figure S4 ). In particular, a few haplotypes of lineages E2 and E3 are unique to oleaster populations from the Gibraltar Strait, whereas most E1 haplotypes are unique to the Aegean area and the Levant (figure 1). The three E1 haplotypes observed in the western area correspond to the main haplotypes of cultivars (figure 1). When haplotypes observed in the cultivated pool are excluded (see the electronic supplementary material, figure S5 ), the number of haplotypes shared between the Aegean area and the Levant is considerably reduced, whereas there remains only three rare, local E2 haplotypes in the central part of the Mediterranean basin.
(b) Diversification of wild olive lineages
Coalescent-based molecular dating of the plastid microsatellite variation allowed us to test for post-or pre-glacial oleaster diversification. The DIYABC estimate for the divergence time between the three Mediterranean lineages (1.66 -6.17 Ma; electronic supplementary material, table S4) identified their most recent common ancestor between the Miocene -Pliocene boundary and the Mid-Pliocene, and could coincide with the establishment of the Mediterranean climatic rhythm [20,32 -35] . Further investigation (BATWING dating; electronic supplementary material, tables S5, S6 and S7) then showed that the most recent common ancestor of each Mediterranean lineage dates back to the Middle or Upper Pleistocene: 139 100 BP for E1 (95% CI: 49 200-482 100), 284 300 BP for E2 (95% CI: 84 400-948 100) and 143 700 BP for E3 (95% CI: 37 100-542 700). These molecular dating analyses thus indicate that oleaster populations have diversified long before the LGM (26 500 to 19 000 BP [36] ). Our molecular dating analyses also indicate that the E2 haplotypes unique to the central Mediterranean area (i.e. E2.7, E2.10) may have arisen after post-LGM colonization (see the electronic supplementary material, table S6).
(c) Oleaster distribution during the Late Quaternary
We used SDM and fossil/subfossil evidence to evaluate whether genetic diversity hotspots matched with putative refugia. The present oleaster distribution was relatively well predicted (figure 2a), but overflowed in some areas where oleaster populations have never been observed, such as Galicia/País Vasco (Spain) and Vendée (France). Several factors that are not accounted for by the SDM (including postglacial dispersal limitations, human impact and interspecific competition) may explain the current absence of oleasters in these climatically suitable areas [31, 37] . Distribution models fitted to current climatic conditions were then projected to the past. These SDM analyses indicate that suitable habitats for oleasters have persisted for a long period of time, and particularly during the LGM and the LIG (figure 2; electronic supplementary material, figure S6 ). Available macrofossils fit with the predictions for the LGM (figure 2b), in agreement with the persistence of oleasters in southern Europe and the Near East [3] . Putative Quaternary long-term refugia, defined rspb.royalsocietypublishing.org Proc R Soc B 280: 20122833 as areas with a continuous suitability for oleasters, were predicted in southern Europe ( particularly in southern Iberia), as well as on a coastal band in the northern Maghreb, Cyrenaica and the Levant (figure 2d).
Discussion
The strong genetic differentiation between the western and eastern Mediterranean basin (E2/E3 versus E1) indicates olive lineages have been isolated in two distant areas, and this pattern is congruent with that of numerous other Mediterranean species of shrubs and trees [38] [39] [40] [41] . The high diversity of lineage E1 in the eastern Mediterranean basin (see the electronic supplementary material, figure S4 ) suggests that this lineage originated in this area [10] . This result thus disagrees with previous statements about an impoverished ptDNA diversity in the Near East [10, 11] .
Patterns of Quaternary diversification of each ptDNA lineage could be explained by the succession of glaciations and interglacial periods. Marine isotopic stage 6 (MIS6; from 189 000 to 130 000 BP [42] ) was a long glacial period in which oleaster populations probably persisted in southern refugia. This was followed by a long interglacial period (MIS5; from 130 000 to 74 000 BP) that is considered particularly favourable to the establishment of Mediterranean ecosystems [42] . Median age estimates suggest that diversification of present plastid lineages E1 and E3 might have started during the Eemian interglacial (MIS5e), while diversification within lineage E2 appears to have begun before MIS6.
The putative Quaternary long-term refugia correspond to a large part of the south-western Mediterranean basin (southern Iberia and Morocco), and coastal areas from the central Mediterranean basin to the Levant. Interestingly, the diversity hotspots detected for each plastid lineage coincided with some longterm persistence areas (see the electronic supplementary material, figures S4 and S5). Particularly, numerous unique haplotypes of lineages E2 and E3 are found on both sides of the Strait of Gibraltar, a region considered a major refugia for the Mediterranean flora (including olive) and fauna during the LGM [3, [43] [44] [45] . Similarly, 27 haplotypes of lineage E1 are detected in the eastern Mediterranean area, most of them with a geographically restricted distribution. Two genetically differentiated areas can be identified: the Aegean region and the Levant (including Cyprus; figure 1 ). Natural seed-mediated gene flow between these areas appears to have been particularly limited, as already reported for Laurus and Nigella [40, 46] . Indeed, a barrier to plant migration between these two phytogeographic regions, currently named the Rechinger's line [47] , seems to have acted in southern Turkey since the Late Miocene [46] . The low ptDNA diversification in the central Mediterranean may be due to either rapid population turnover (maintaining low ptDNA diversity owing to stochasticity leading to genetic drift) or post-LGM colonization from major refugia located in the western and eastern areas. To date, there is no macrofossil for olive LGM persistence in the central Mediterranean basin, but just one piece of anthracological evidence for a presence during the Preboreal at Grotta dell'Uzzo (Sicily), suggesting an early colonization from putative proximal LGM refugia [3] . A similar distribution pattern of genetic diversity and LGM fossils was also reported for Laurus nobilis and Myrtus communis, two other circumMediterranean pre-Pliocene taxa [33, 40, 41] . The distribution of such species may have thus retracted and expanded in similar ways during the Quaternary glaciations and interglacial periods. In addition, phylogeographic structure within the olive fruitfly (Bactrocera oleae), which is considered the main [28] and Model for Interdisciplinary Research on Climate (MIROC) [29] general circulation model simulations are averaged (for separate CCSM and MIROC results, see electronic supplementary material, figure S6 ). The locations of available olive fossil/subfossil remains (macrofossils and pollen) during the LGM are indicated (see the electronic supplementary material, table S8). Note that palynological data show low congruence with our model predictions, but this is probably due to efficient pollen dispersal by natural agents over long distances [3] . (c) Projection to the LIG (ca 120 000 -140 000 BP) [30] . (d) Areas inferred as continuously suitable under LIG, LGM and current climatic conditions (putative 'long-term refugia'). In all cases, the average model of ten replicates is shown. (Online version in colour.) rspb.royalsocietypublishing.org Proc R Soc B 280: 20122833 pest of the cultivated olive, also shows three Mediterranean lineages with a specific distribution on the Levant (including Cyprus), the Aegean area with continental Italy and the western Mediterranean basin (from southern Italy to Morocco and the Iberian Peninsula [48] [49] [50] ). Pre-LGM diversification of the three lineages was also reported [49] . The geographical subdivisions in the olive fly can thus reflect three major refugia during the Quaternary glaciations that are putatively shared with its host [49] .
The phylogeographic patterns observed in oleaster populations were finally used to trace back the origin of the main cultivated ptDNA haplotypes. Most present cultivars (90%) are characterized by E1 haplotypes (see the electronic supplementary material, figure S3) . A human-mediated dispersal of E1.1, E1.2 and E1.3 (i.e. feral trees) from the eastern Mediterranean into western localities is strongly suggested by the absence of diversification within lineage E1 from Italy-Libya to Iberia-Morocco ( figure 1 ). This result agrees with archaeological and historical evidence, which supports spread of cultivated olive trees from the Near East to the western Mediterranean [2, 4] . Two populations from Israel and southwest Syria also exhibit exclusively major cultivated haplotypes and are therefore probably feral. The other studied wild populations from the southern Levant (southwest Syria, Jordan) have haplotypes mainly observed in oleasters (see the electronic supplementary material, figure S5 ), suggesting that this area was not the primary source of the domesticated olive and questioning initial expectations [2] . A co-occurrence of E1.1, E1.2 and E1.3 with intermediate or derived haplotypes unique to oleasters (i.e. E1.4, E1.5, E1.12 and E1.19; figure 1 ) was only observed in populations close to the Syrian-Turkish border. This observation suggests that the maternal haplotypes of olive cultivars have primarily originated in the northeastern Levant territory.
Evidence for Neolithic olive exploitation and occurrence of selection activity during the Bronze Age in the western Mediterranean (i.e. Iberian Peninsula and southern France) have also been indicated by fossil/subfossil data [6] . However, most of the present cultivars from this area are more closely related to eastern oleaster populations, according to both plastid (this study) and nuclear markers [8, 11, 13] . Accordingly, we conclude that the western Mediterranean was not a major primary centre of domestication of the olive tree.
The cradle of primary domestication of the olive tree is located in the northeastern Levant, where populations currently contain substantial genetic diversity, although not the highest in the Mediterranean basin (i.e. the Strait of Gibraltar [13, 43] ). This paradox can be explained by the fact that advanced civilizations emerged in the north Levant, such as the Pre-Pottery Neolithic B [51, 52] , and that they had enough genetic resources to succeed in domesticating a selfincompatible tree. The domestication of the olive tree appears to have been a long and continuous process that involved numerous genetic exchanges between the cultivated trees and wild gene pools, as already reported for other crops [53] . The first domesticated gene pool of olive was more likely to have spread with agriculture, first to the whole Levant and Cyprus [54] before being progressively disseminated to the western Mediterranean. Genetic evidence for multi-local origins of cultivars previously reported by several authors [6 -12,55] may be explained by secondary domestication events involving crosses between newly introduced cultivars and local oleasters across the entire Mediterranean.
